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Abstract 

This paper discusses and evaluates the test mea- 
surement techniques used to determine the laminar- 
to-turbulent boundary-layer transition location in 
the F- 14 variable-sweep transition flight experiment 
(VSTFE). The main objective of the VSTFE was to 
determine the effects of wing sweep on the laminar- 
to-turbulent transition location at conditions represen- 
tative of transport aircraft. Four methods were used 
to determine the transition location: (1) a hot-film 
anemometer system, (2) two boundary-layer rakes, 
(3) surface pitot tubes, and (4) liquid crystals for 
flow visualization. Of the four methods, the hot-film 
anemometer system was the most reliable indicator 
of transition. 

Nomenclature 

AC 

B.L. butt line 

C chord, in. 

CP 
DC 

Ps local static pressure, lb/ft2 

Psoo free-stream static pressure, Ib/ft2 

Ptl 

Ptot 

AP 

alternating current, dynamic output signal 

glove coefficient of pressure, (Ps - Psoo)/g 

direct current, steady-state output signal 

local total pressure measured from 
surface pitot tubes, lb/ft2 

aircraft total pressure measured from 
noseboom, lb/ft2 

difference between aircraft total pressure 
and local total pressure, measured from 
the surface pitot tubes, (Ptot - Ptl), lb/ft2 

- 4 dynamic pressure, Ib/ft2 

U/Umax ratio of local velocity to freestream 
velocity 

'Aerospacc Engineer, mcmber AIAA. 
+Aerospace Engineer. 

VSTFE variable-sweep transition flight 

x/c 

Y 
a angle of attack, deg 

s boundary-layer height, in. 

s* displacement thickness, in., 

0 momentum thickness, in., 

experiment 

ratio of chordwise distance from leading 
edge to local chord length 

distance from glove surface, in. 

J( 1 - U /Urnax) dY 

Introduction 

As is well known, maintaining laminar flow over 
large regions of an aircraft's wing and empanage can 
produce large reductions in airplane drag. Laminar 
flow can be achieved either through passive or ac- 
tive means. By properly shaping the wing to obtain 
a pressure distribution with a favorable gradient, lam- 
inar flow can be achieved in a passive manner but is 
limited to relatively low-chord Reynolds numbers and 
small sweep angles. Although more complicated, ac- 
tive laminar flow or laminar flow control uses suction 
through the wing surface to maintain laminar flow up 
to 100 percent chord and to very high chord Reynolds 
numbers. For laminar flow applications to most high- 
speed commercial transports, some degree of laminar 
flow control will probably be necessary. 

Several studies have shown laminar flow technol- 
ogy to be extremely beneficial for long-range trans- 
port aircraft; ' -6 however, significantly more technol- 
ogy validation needs to be carried out before laminar 
flow technology can be confidently applied. A better 
understanding of transition and how to predict it is also 
needed in order to design laminar flow wings. Larger 
transports are generally designed to have swept wings 
(20" or more), chord lengths as long as 20 ft, and op- 



erate at unit Reynolds numbers of 1 to 4 million/ft. 
Therefore, the effects of wing sweep and Reynolds 
number on boundary-layer transition must be 
studied further. 

Determining the boundary-layer transition location 
at conditions representative of transport aircraft has 
been largely limited to flight testing because the 
Reynolds numbers, model size, and low-turbulence 
levels needed at transonic speeds prohibit the use of 
wind tunnels. Accurate predictions of laminar-to- 
turbulent boundary-layer transition are also difficult to 
obtain because current boundary-layer stability codes 
are not fully developed and verified. 

Recently, an experiment was devised to determine 
the effects of wing sweep on boundary-layer transition 
location at flight conditions representative of transport 
aircraft. Performed on the swing-wing F-14 aircraft, 
the experiment, referred to as the F- 14 variable sweep 
transition experiment (VSTFE),~ - I 0  was a joint effort 
between NASA Langley Research Center and NASA 
Ames-Dryden Flight Research Facility. The experi- 
ment involved using a foam and fiberglass technique 
to fit a smooth, contoured surface to the wing of the 
aircraft. Two of these devices, called natural lami- 
nar flow wing gloves, were flight tested. Glove 1 was 
flown in the first and second phases of the experiment, 
and glove 2, only in the second phase of the exper- 
iment. Four different techniques were used to accu- 
rately determine the boundary-layer transition location 
on the gloves: 

( I )  hot-film anemometer system 

(2) boundary-layer rakes 

(3) surface pitot tubes 

(4) flow visualization using liquid crystals 

This paper discusses the results of these four measure- 
ment techniques. 

Test Aircraft 

The F-14A aircraft (Fig. 1) was the carrier vehi- 
cle for the experiment. The F-14A has variable-wing- 
sweep capability and its flight envelope includes the 
Mach and Reynolds number range suitable for testing 
at conditions representative of modern intermediate- 
size transport aircraft. 

Both wing panels were modified by bonding an 
upper-surface glove constructed of foam and fiberglass 
using the techniques described in Ref. 11. Each glove 

wrapped around the leading edge and extended back to 
the spoiler hinge line on the upper surface (% 60 per- 
cent chord, Fig. 2) and covered the majority of the 
span. These gloves provided a smooth surface (that 
is, < 0.002 in. amplitude/2 in.) as well as space to 
install instrumentation, plumbing, and wiring. 

Glove 1, a cleanup of the basic F-14A wing was in- 
stalled on the left wing panel. The basic F-14 airfoil 
shape (a modified NASA 6 series) was used because it 
could provide pressure distributions with very favor- 
able pressure gradients near Mach 0.8. Glove 2, in- 
stalled on the right wing panel, involved major mod- 
ifications to the F-14 airfoil shape, but it provided a 
much broader Mach number range and a variety of 
pressure distributions, for which transition data could 
be obtained. With glove 2, wind tunnel tests were re- 
quired to verify that the aircraft handling qualities had 
not been degraded. With the gloves installed, the max- 
imum wing sweep was restricted to 35". 

Instrumentation 

The F-14A aircraft was instrumented with a stan- 
dard NACA noseboom'2-'3 to measure total and 
static pressure, angle of attack, and angle of sideslip. 
The cockpit was instrumented with an uplink display 
system described in Ref. 14. The uplink was used to 
assist the pilot in obtaining accurate flight conditions 
for each test point in a timely manner. All instrumen- 
tation used in the VSTFE was selected and scaled to 
suit each parameter being measured. 

The transition instrumentation for glove 1 (Fig. 3) 
consisted of three rows of 21 flush static pressure ori- 
fices, two boundary-layer rakes with 20 probes each, 
three rows of 1 1  surface pitot tubes, and five hot-film 
sensors. The transition instrumentation for glove 2 
(Fig. 4) consisted of four rows of 24 flush static pres- 
sure orifices, two boundary-layer rakes with 20 probes 
each, and 15 hot-film sensors. The two sets of instru- 
mentation are different for two reasons: One, the in- 
strumentation system used for glove 2 was selected 
based on the results of the instrumentation system used 
for glove 1, which was flown first. Two, during the 
glove 1 flight tests, further developments were being 
made in the measurement systems, and these develop- 
ments were incorporated into the glove 2 instrumenta- 
tion systems. 

Surface Static Pressure Orifices 

The surface static pressures were used to examine 
the wing pressure distribution and to determine the 
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amount of favorable pressure gradient obtained for 
each test point. Flush-surface orifices were created 
by drilling through the foam and fiberglass to a I-in.- 
diameter liollow metal disk buried in the glove. Each 
orifice had an inside diameter of 0.03 in. The in- 
dividual disks were connected to an electronic scan- 
ning pressure module with steel tubing. The maximum 
tube length was approximately 10 ft. Each orifice row 
was oriented streamwise to the flow for a wing sweep 
of 20". The orifice locations for the orifice rows of 
gloves 1 and 2 are presented in table 1 .  

Boundary-Layer Rakes 

Each boundary-layer rake consisted of 20 pressure 
probes. These rake probes were mounted along a 4- 
in. plate that was skewed 30" to a plane normal to the 
glove surface, as shown in Fig. 5. Skewing the rake 
plate allowed more probes to be located in the bound- 
ary layer. With this type of orientation, the last probe 
on the rake was 2.5 in. from the glove surface. Each 
rake was oriented streamwise to the flow for a wing 
sweep of 20". The pressure at each probe was mea- 
sured by an electronic scanning pressure module con- 
nected to the probes by steel tubing. The distance of 
each probe from the glove surface is shown in table 2. 

Surface Pitot Tubes 

The surface pitot tubes had an inside diameter of 
0.032 in. (Fig. 6) and were mounted flush to the glove 
surface. For the first half of the glove 1 flights, the 
tubes were left rounded. For the second half of the 
flights, the tubes were flattened into an oval shape with 
a height of 0.010 in. 

Three rows of surface pitot tubes were mounted on 
glove I ,  with a maximum of eleven tubeshow. As il- 
lustrated in Fig. 3, each row was located along a line 
oriented at a 30" angle to each orifice row. The pur- 
pose for this orientation was to alleviate interferences 
between each tube and the hot films, which were also 
oriented along this line. Each individual tube, how- 
ever, was oriented to be streamwise to the flow for a 
wing sweep of 20". The pressure measurements from 
each surface pitot tube was made by extending a tube 
to a maximum of 10 ft from the surface pitot tube to 
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a 32-port, electronic scanning pressure module. The 
surface pitot tubes were not installed on glove 2. 

Hot-Film Sensors 

Five hot-film sensors were operational for glove 1 
and fifteen were for glove 2. The location of the 

operational hot-film sensors for both gloves varied 
from flight to flight. The glove 1 hot-film system 
used constant-temperature hot-film anemometers be- 
cause many years of wind tunnel and some recent 
flight experience' 1 ' '  - l 7  had demonstrated the abil- 
ity of the anemometers to provide reliable flow tran- 
sition data. Based on the results from the glove 1 
flights and the desire for more measurements to reduce 
the number of flights for acquiring data, a newly de- 
signed temperature-compensated hot-film anemome- 
ter system was used for glove 2. Each system is briefly 
described next. 

The hot-film sensors, as shown in Figs. 3 and 4, were 
mounted along a line oriented at a 30" angle to the lead- 
ing edge of the glove to minimize any flow disturbance 
from one sensor affecting another sensor (flow is tur- 
bulent after each sensor). The typical hot-film-sensor 
spacing was 10,20,30,40 and 50 percent chord; how- 
ever some data were obtained with the hot-film sensors 
spaced every 5 percent chord. The hot-film sensors for 
glove 1 (Fig. 7a) were oriented streamwise to the flow 
for a wing sweep angle of 20". Because the hot-film 
sensors used for the glove 2 system (Fig. 7b) were ex- 
pected to be more sensitive to flow angle, the hot-film 
sensor orientation was tilted 5", making them stream- 
wise to the flow at a wing sweep of 25". Both types of 
hot films were able to detect transition to the maximum 
sweep angle of 35". 

All of the operational hot-film sensors of gloves 1 
and 2 were monitored real-time through stripchart 
recorder traces. For postflight analysis, five of the 
hot-film output signals were recorded on an airborne 
FM tape recorder for the glove 1 flights, and eight 
of the hot-film signals (three from glove 1 and five 
from glove 2) were recorded on the tape for the glove 
2 flights. The recorded hot-film signals were also 
monitored in the F-14 cockpit by means of a cockpit 
audio system. 

In addition to the normal AC dynamic output, the 
temperature-compensated hot-film anemometer used 
on glove 2 also provided a DC steady-state output for 
telemetry. Internal signal conditioning for both the 
dynamic and steady-state outputs is contained within 
the temperature-compensated hot-film anemometer. 
The frequency response of the hot-film sensors was 
150 kHz, as determined by the manufacturer. The tape 
recorder used, however, had a frequency response of 
10 kHz thereby limiting the recorded hot-film data to 
a frequency response of I O  kHz. 
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Functional block diagrams of the hot-film systems 
are shown in Fig. 8. In both hot-film systems the am- 
plifier that provided the output signal also supplied 
power to the hot-film sensor causing self heating of 
the sensor to the operating temperature. The hot- 
film-sensor operating temperature was set by the tem- 
perature control resistor for the constant-temperature 
anemometer system used on glove I and was constant 
for all flight conditions. The temperature-compensated 
hot-film anemometer system used on glove 2 used a 
temperature sensor and compensation network that al- 
lowed the operating temperature to vary with the lo- 
cal stagnation temperature. Because changes in the 
boundary-layer flow vary the cooling effect on the 
heated active element of the hot-film sensor, the output 
of the anemometer varies, thus providing an indication 
of the flow condition. 

The glove 2 hot-film anemometer has a much lower 
power dissipation than that of the glove I anemome- 
ter because the hot-film-sensor operating temperature 
is reduced as the sensed temperature decreases. The 
lower power dissipation reduces the heating of the 
anemometer electronics that allows a greater miniatur- 
ization. The fifteen temperature-compensated hot-film 
anemometers for glove 2 required slightly less space 
than the five constant-temperature hot-film anemome- 
ters for glove 1. 

The design of the temperature-compensated hot- 
film anemometer for glove 2 allows noise induced in 
the sensors and wiring to be rejected by the hot-film 
anemometer electronics. The noise rejection of the 
anemometer allows the use of two-conductor shielded 
wire, instead of coaxial wiring for the hot-tilm sensor 
and temperature sensor installation. The anemometer 
provides a significant improvement in output signal to 
noise (greater than 65 dB) over the hot-film anemome- 
ter system used for glove 1. 

Other advantages of the temperature-compensated 
hot-film anemometer is a near-constant sensitivity over 
the flight envelope of the test aircraft and although 
not important for this flight project, better operation 
at supersonic flight. A detailed description of the de- 
sign and use of the temperature-compensated hot-film 
anemometer is contained in Ref. 18. 

Test Conditions 

Boundary-layer transition data were obtained at the 
flight conditions listed in table 3. Transition data at 
15" of sweep were obtained by using a sideslip maneu- 
ver because the minimum wing sweep available was 

20". The aircraft would fly the test point with f5" of 
sideslip to obtain an equivalent wing sweep of 15" for 
the right and left gloves, respectively. For all flights 
the aircraft slats and flaps were locked in a retracted 
position and the glove vanes were disabled. 

The maneuvers used to obtain data were steady- 
state trim points, windup turns, or pushovers. Using 
these three maneuvers, data at angles of attack other 
than trim were acquired for constant Mach, sweep, 
and altitude. 

Results 

The four techniques used to determine the transi- 
tion location are discussed in the following sections. 
The transition data shown represents typical examples 
of the data obtained. A more detailed analysis of the 
VSTFE transition data is ongoing and will be reported 
at a later date. 

Hot-Film Data 

The results obtained from the hot-film anemometers 
were based on AC (dynamic) and DC (steady-state) 
signals. An example of a typical dynamic signal is 
shown in Fig. 9a. Dynamic signals originating in ar- 
eas of laminar flow were of lower amplitude or "qui- 
eter" than those originating in areas of turbulent flow. 
Additional indicators were high amplitude spikes in 
the output signal; high amplitude spikes in a direction 
of positive voltage indicated a mostly laminar signal 
with occasional turbulent bursts, while high amplitude 
spikes in a negative direction indicated a mostly turbu- 
lent signal with occasional laminar bursts. These two 
types of signals were indicators of the beginning and 
ending of the transition region. Maximum occurrence 
of these high amplitude spikes was at peak transition, 
the region where the flow is most unstable. The tran- 
sition location was defined as the location where peak 
transition occurred. In many cases the hot-film sensors 
were not spaced close enough to always define the tran- 
sition region. In cases where one sensor was laminar 
and the next was fully turbulent, transition was defined 
at the midpoint. The real-time ground station dynamic 
signal plots were generally acceptable for determining 
transition location; however in some cases the post- 
flight, high-frequency response plots were needed for 
clarification. 

An example of a typical steady-state signal is shown 
in Fig. 9b. Steady-state signals originating in areas of 
laminar flow were of a lower level than those originat- 
ing in areas of turbulent flow. In general, instantaneous 
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changes in the steady-state level indicated peak transi- 
tion. The instantaneous changes or oscillations in the 
steady-state signal level occurred because the steady- 
state signal had a frequency response of 500 Hz. This 
allowed some of the dynamic signal to be picked up by 
the steady-state signal. The real-time, ground station 
steady-state-signal time histories were usually accept- 
able; however, in areas at or nearing peak transition the 
postflight dynamic signal plots were sometimes neces- 
sary to aid in interpreting the steady-state output data. 

Figure 10 presents examples of anomalies encoun- 
tered in the steady-state signal. A comparison is made 
between two steady-state and dynamic signals at the 
same time intervals. The steady-state signal is at a lam- 
inar level for each case. The corresponding dynamic 
signal is laminar for case a and fully turbulent for case 
b. With these types of discrepancies existing in the 
steady-state signal in areas at or near the transition lo- 
cation, the dynamic signal was easier to interpret. 

The degree to which transition can be determined is 
limited only by the distance between the hot-film sen- 
sors and experience in interpreting the hot-film output 
signal. For the VSTFE the hot-film spacing wasgen- 
erally 10 percent chord (c) for glove 1 and most of 
glove 2 data, however some glove 2 data were obtained 
with a hot-film sensor spacing of 5 percent c for better 
resolution. 

As shown in Fig. 9a, the dynamic signal indicated 
whether a hot film was in laminar flow, laminar flow 
with turbulent bursts, peak transition, turbulent flow 
with laminar bursts, or fully turbulent flow. Based on 
these five types of signals, if two hot films were spaced 
10 percent c apart (that is, 10 and 20 percent c), one 
could determine if the transition location was between 
the two gauges (15 percent c), closer to the first gauge 
( 1  2.5 percent c), closer to the second gauge ( I  7.5 per- 
cent c), or right on the sensor itself ( I O  or 20 percent c). 

On glove 2 several flights of data were obtained with 
the hot films spaced at both 10 percent c and 5 per- 
cent c. Figure 1 1  shows the transition location plot- 
ted as a function of angle of attack for hot-film spac- 
ings of 5 and 10 percent at a typical flight condition. 
This figure indicates that there was very little scatter 
in the two sets of data. The majority of differences 
found were no greater than 2.5 percent c. The rela- 
tively low amount of scatter in the data, between the 
10 percent and 5 percent chord spacing, is attributed to 
the ability to interpret the dynamic signal output pre- 
viously described. Based on the spacing of the hot- 

film sensors, the five types of dynamic hot-film out- 
puts, and the experience gained in interpreting data for 
2700 test points, the accuracy of the transition data ob- 
tained from the hot-films is estimated at f2.5 percent 
c for gloves 1 and 2. The transition data obtained did 
not define the entire transition region (that is, the first 
occurrence of a turbulent burst to the last occurrence of 
a laminar burst). Defining the transition region would 
require closer spacing of the hot-film sensors. 

Boundary-Layer Data 

The boundary-layer rake data provided a velocity 
profile of the boundary-layer and skin-friction-related 
parameters such as boundary-layer height, 6, displace- 
ment thickness, s*, and momentum thickness, @ . I 9  A 
typical boundary-layer profile with the corresponding 
calculated values of 6, S*, and 0 is shown in Fig. 12. 
The skin friction parameters were available only from 
the boundary-layer rake data. 

Determining the transition location from the 
boundary-layer rake data required a calibration of the 
boundary-layer thickness as a function of chordwise 
transition location. Calibration of the rake data was 
achieved by forcing the boundary layer to transition at 
various chord locations using a l/S-in.-wide transition 
strip of Carborundum grit. The grit was sized using the 
method described in Ref. 20. When the flow is forced 
to transition at known locations, 6, S*, and 0 can be 
obtained as a function of the chordwise transition lo- 
cation and the angle of attack. 

When the rake calibration was completed, the loca- 
tion of natural transition for the glove could be deter- 
mined. An example of a calibration plot with naturally 
transitioning data is shown in Fig. 13. Figure 13 is 
a plot of momentum thickness as a function of angle 
of attack for data obtained at the same flight condition 
as the data shown in Fig. 12. Each line indicates Val- 
ues of 0 obtained when the boundary layer was forced 
to transition using the transition strips at the indicated 
chordwise locations, 10, 30 and 40 percent c. The 0 
value for the velocity profile in Fig. 12 is plotted in 
Fig. 13, along with the rest of the natural transitioning 
data at the same flight condition, and is represented by 
a solid circle. Based on Fig. 13, natural transition oc- 
curs aft of 40 percent c and begins to move forward as 
the angle of attack increases. 

A comparison of the transition results from the 
boundary-layer rake data and the hot-film data is pre- 
sented in Fig. 14. The boundary-layer rake data agreed 
to within f 5  percent c with the hot-film data. For the 

5 



. 

have picked up local adverse changes in total pressure, 
that did not in all cases cause transition and may not 
have occurred uniformly across the span of the glove. 
These adverse chilnges in pressure may not have been 
detected by the hot films because the two sets of in- 
strumentation were not at the same x/c or span lo- 
cations. Laminar flow is capable of withstanding a 
small level of adverse pressure gradient in some cases 
and, therefore, a small level of increased local total 
pressure may not always be the result of laminar-to- 
turbulent transition. 

Because of the many anomalies, the criteria used 
to determine transition from the surface pitot tube 
data was not always successful. Although the sur- 
face pitot method used in this experiment was not en- 
tirely successful, previous experiments have used sur- 

dicate turbulent flow or flunctuation between laminar 
and turbulent flow. Based on the good agreement be- 
tween the liquid crystal patterns and the hot-film data 
for the same time interval, the hot-film sensors were 
used to indicate transition locations with liquid crys- 
tals on the surface for test points where photographs 
were not taken. 

Figure 24 shows a comparison of transition data ob- 
tained with and without liquid crystals on the glove 
surface. The transition location is plotted as a function 
of angle of attack. At the lower altitude a variation in 
the transition location of up to 30 percent c is evident 
between the two sets of data. All of the transition data 
obtained with liquid crystals on the glove surface fall 
below the transition data obtained without the liquid 
crystals on the glove surface. 

In the high-altitude plot of figure 24 there is only a 

the data obtained. The transition data with the liquid 
tran- 

sition location. ne variation in the high-altitude data 

on the glove surface and does not exist in the liquid 
crystal data. Therefore, the variation is not because of 

face pitot tubes successfully to indicate transition. Past 

density or a traversing probe, producing higher res- 
olution data. More surface pitot tubes would have 
increased the resolution of the A P as a function of 

tion configuration, adding more surface pitot tubes was 
not feasible. 

experiments;' -23 however, have used a higher probe 5 percent variation in the transition location for all of 

on the glove surface is at the 

x/c curves. However, with the glove instruments- exists only in the data obtained without liquid crystals 

Flow Visualization Data 

The fourth method used to determine the transi- 
tion location was flow visualization using pressure- 
sensitive liquid crystals. This technique is similar to 
that used in Ref. 24. The middle test section of glove 1 
and all of glove 2 were painted black to provide con- 
trast for the liquid crystals. The liquid crystal mixture 
was applied to the glove surface before takeoff. 

By using a chase plane, both still and video photog- 
raphy of the the liquid crystal patterns were obtained. 
For both types of documentation the photographer was 
in a chase plane, positioned at the proper viewing an- 
gle for each test point. Figure 22 shows examples of 
liquid crystal patterns. Transition is indicated by a 
change in color in the liquid crystal pattern. The colors 
themselves are not important because they change with 
viewing angle as well as with the transition location. 

Figure 23 presents a comparison of liquid crystal 
and hot-film transition data obtained at the same time 
intervals. Data is included for glove 1 and glove 2. 
This figure shows that the transition location indicated 
by the liquid crystal pattern agreed to within f5 per- 
cent c with the hot-film indication of transition loca- 
tion at the same time interval. If a hot film was be- 
hind a turbulent wedge, the hot-tilm sensor would in- 

the presence of the liquid crystals. 

The use of liquid crystals for flow visualization pro- 
duced mixed results. The advantage of the liquid crys- 
tal patterns is that transition is obtained globally as op- 
posed to several discrete locations. The flow visualiza- 
tion method is relatively easy to use and requires only 
a camera for documentation. 

Several drawbacks were noted, however. The first 
is that insects and dust tend to adhere to the glove sur- 
face in greater amounts with the presence of the liq- 
uid crystals. The insect impacts and dust particles pro- 
duce discontinuities that can cause localized transition. 
The flow is turbulent in the region behind the discon- 
tinuity. The localized turbulent region appears as a 
wedge in the liquid crystal pattern such as those found 
in Fig. 22(a). 

Second, an uneven thickness in the liquid crystal 
coat can cause changes of the color in the liquid crystal 
pattern, interfering with the interpretation of the pat- 
tern. Therefore, care must be taken in applying the liq- 
uid crystal coat evenly. Third, at lower altitudes (that 
is, < 25,000 ft)/higher unit Reynolds numbers, the 
presence of the liquid crystals was observed to move 
the transition location forward, as illustrated in Fig. 24. 
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Comparing the four techniques, the hot-film data 
was the easiest to interpret. Transition was indicated 
in real time by the hot films, whereas the data obtained 
from all the other methods had to be analyzed post- 
flight. In addition, the boundary-layer data needed 
to be calibrated, which required several flights. The 
boundary-layer rakes produced repeatable data, how- 
ever, and were used as a secondary method. The sur- 
face pitot tube data did not consistently indicate transi- 
tion, although they have been successfully used in pre- 
vious experiments. The liquid crystals were the easiest 
to use. At altitudes above 25,000 ft, the transition loca- 
tion indicated by the liquid crystal patterns agreed with 
the hot-film and boundary-layer data. However, the 
liquid crystals caused transition to occur further for- 
ward at altitudes below 25,000 ft. 

Conclusions 

Presented in this paper were the results of using 
four techniques to determine the laminar-to-turbulent 
boundary-layer transition location in the variable- 
sweep transition flight experiment (VSTFE). The four 
techniques were (1 )  a hot-film anemometer system, (2) 
boundary-layer rakes, (3) surface pitot tubes, and (4) 
liquid crystals for flow visualization. 

The hot-film anemometer system provided the most 
accurate indication of the transition location and was 
the primary method used in the VSTFE to determine 
the transition location. Transition was determined 
from both dynamic and steady-state hot-film signals 
in real time. Of the two types of hot-film output sig- 
nals, the dynamic signal was a better indicator of the 
transition location when the transition occurred at or 
near the hot-film sensor. The accuracy of the data ob- 
tained with the hot-film anemometer system used in 
the VSTFE was approximately f2.5 percent c. Closer 
spacing of the hot films would be required, however, 
to define the entire transition region. 

The boundary-layer rakes served as a good sec- 
ondary indicator of the transition location. The 
boundary-layer-rake data agreed to within f5 percent 
c with the hot-film data. At several test conditions 
a shock would occur ahead of the rakes, resulting in 
boundary-layer profiles with severe inflections. For 
these cases the boundary-layer-rake data was not used 
to determine the transition location. One advantage 
of the boundary-layer-rake method is that it provided 

skin-friction-related parameters in addition to an indi- 
cation of the transition location. 

The surface pitot tube method used in the VSTFE 
did not consistently indicate transition. There were 
many cases where more than one apparent transition 
location was indicated by the surface pitot tube data. 
The first transition location indicated by the surface 
pitot tube data generally agreed with the hot-film data 
for the lower altitude cases, while the second transi- 
tion location indicated by the surface pitot tube data 
agreed with the hot-film data for the higher altitude 
cases. Some of the decreases in AP did correspond 
to sudden changes in the pressure distributions; how- 
ever, not all of the anomalies can be accounted for. 
One improvement in the surface pitot tube configura- 
tion would have been closer spacing of the surface pitot 
tubes. Unfortunately this was not a feasible alternative 
for the VSTFE. 

The liquid crystals were very useful as a tool for flow 
visualization. It provides a global view of the tran- 
sition location. The liquid crystal method is easiest 
to use because no instrumentation is required, only a 
camera. However, there were certain drawbacks. With 
the presence of the liquid crystals on the glove sur- 
face, an increase in the amount of insect impacts was 
noted. Color changes occurred in the liquid crystal 
patterns as a result of uneven thicknesses in the liq- 
uid crystal coats. Last, the transition location had a 
tendency to move forward at lower altitudes or higher 
unit Reynolds numbers with the presence of the liquid 
crystals on the glove surface. 

Overall the test techniques used were success- 
ful in indicating the transition location and can be 
useful for boundary-layer and fluid dynamics-related 
experiments. 
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Table 1 Orifice locations 

Glove 1 Glove 2 
Upper surface x/c Lower surface x/c Upper surface x/c Lower surface x/c 

0.0 0.005 0.0 0.0015 
0.005 0.01 
0.01 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.15 
0.17 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 

0.0015 0.005 
0.003 0.0 1 
0.005 
0.0 1 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.15 
0.17 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
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t 

Table 2 
Boundary-layer 

rake probe 
locations 

Probe Y, in. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 

0.04 
0.06 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.50 
0.70 
0.90 
1.10 
1.30 
I S O  
1.70 
1.90 
2.10 
2.30 
2.50 

Table 3 Test conditions 

Sweep, deg Sideslip, deg 
20 0,5,-5 
25 0 
30 0 
35 0 

Mach--O.6,0.65,0.7,0.75, 
0.8,0.825 
Altitude-I O,OOO, 2O,OOO, 
25,000,30,000,35,000 ft 
Angle of attack-4' to 5" 



EC 87-0107-001 
Fig. 1 F-14A with gloves 1 and 2. 

Total thickness -: 0.65 in 

surface termination 

L o v e  lower 
surface termination 
xlc = 0.05 

Six layers of 
One laver fiberglass 

Foam 112 in thick 

Fig. 2 Fiberglass glove fitted over F-14 wing. 
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Three rows of flush static 
pressure orifices 

Three rows of surface 

Five hot-film gauges 
Two boundary layer rakes 
Uplink 

pitot tubes 

r B.L- 135 
Pressure 

Surface 
Pitot tubes/ 

B.1 .. 350 

/ \ I \  \ 1 
I I I \ / I  \ /  

B.L. 320 B.L. 260 B.L. ZOOJ B.L. 170 LB.L. 130 

8435 

Fig. 3 GIove I pkianform and instrumentation. 

wing 
leading 

Surface 
pressure 
orifices 

Boundaty-layer B.L. t4oJ rake 1 LB.L. LBoundary-layer LB.L. 280 LB.L.320 rake 

Fig. 4 Glove 2 planform and instrumentation. 

I ;  
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/ tl / }=2.5 in. 
I I I  
I I I  

Side view 

8104 
Front view 

Fig. 5 &gram of boundary-layer rake. 

Flat tube 
configuration 

0-04 kF Round tube A- configuration 0 
\ 

1.0 T in. 

f 
1 

1.25 in. 

I 
1.0 in. 

1 
k l . 5  in.+ 

8103 

Fig. 6 Schematic of suflace pitot tube. 

EC 86-33426-009 EC 86-33329-002 
(a) Sensor used on glove 1. (b) Sensors used on glove 2. 

Fig. 7 Hot-film sensors. 
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Bridge completion 
resistors 

~ /-Coaxial wiri; 
Amplifier 

output 

Hot-film 
sensor 

Temperature 
control 
resistor 

trim f Frequency 
I 

Anemometer I 
(a) Constant temperature. 

I e completion 
istors 2-conductor 

shielded wire 

B 

Temperature compensation r e s i s t o r s 4  

1 - - .  I 'II Anemometer 

8102 

(b) Temperature compensated 

Fig. 8 Functional block diagrams of hot-flm anemometers. 

Time 

Transition region 

Laminar Laminar Peak Turbulent Turbulent 
with transition with 

turbulent laminar 
bursts bursts 

Output signals 

(a) Dynamic, AC, hot-Jim output signals. 

Fig. 9 Typical hot-film output signals. 

8105 
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11 transition 

8106 

(b) Steady-state output signal. 

Fig. 9 Concluded. 

DC AC 

Segment 
Of 

1- 
interval 

i 8107 

1 

T 
1 sec 

AC 

nio8 

(a) Luminar Dc and AC 
signals. turbulent AC signal. 

(b) Laminar DC signal and 

Fig. 10 Hot-film signal comparisons. 

16 



x - Edge of boundary layer 
6 = 0.579 

6'= 0.193 

.03 

Transition 
location 

xlc 

- 0 
I I 1 

0 00 
0 O n  

Y 

0 IO percent spacing 
0 5 percent spacing 

0 1 2 3 4 

81 67 

Fig. 11 ContpariSon of hot-flm data with chodwise spac- 
ings of 10 petcent and 15 pment.  

a, deg 

2 

y ,  
in. 

1 

I e = 0.043 0 
0 
0 
0 
0 
0 
0 
0 

0 . 2  . 4  . 6  . 8  1.0 
U/Umax 

81 68 

Fig. 12 Dpkal boun&uy-layer prom. 

0 Natural transition 
0 10 percent forced 
0 30 percent forced 
A40 percent forced 

.07 O0 
0 0  

0 
0 

0 A o  
0 

81 69 a, deg 

Fig. 13 Boundarp-layer rake transition data. 

0 
0 

0 Hot-film data 
0 Boundary-layer 

6 0  data 

Transition 
location, 

C 
percent 3 0  0 

20  n 

0 1 2 3 4  

deg 8170 
Fig. 14 Comparison of hot-film and bounw-layer  data 
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2 

y ,  
in.  

1 

3 
0 
0 
0 
0 
0 
0 
0 y ,  
0 in. 

2 

0 
0 
0 
0 
0 
0 
0 
0 n 1 0 inflect ion 

0 

0 - 2  . 4  . 6  . 8  1.0  
UIUmax 

. 2  . 4  . 6  . 8  1.0  0 
U/Umax 

81 72 81 71 

(4 (b) 
Fig. 15 Examples of boundary-layer proJiles with inflections. 

‘E O 

.07 

e* .06 
in. 

.05 

0 

.04 I- 
.03 - 

. o  . 1  . 2  . 3  . 4  . 5  
X/C 

8110 

Fig. I6 Momentum thickness as a function of transilicn 
location. 

3 0 0 1  00’ 

0 

. 1  . 2  . 3  . 4  . 5  . 6  0 

XIC 8173 

Fig. 17 Typical suflme pitot tube data. 
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6 o o  r 

3 0 0 1  

0 
2 0 0  I I I I I 

400 

300 

lblft2 200 
A p, 

100 

0 

0 . 1  . 2  .3 . 4  . 5  .6  
xlc 

81 74 
Fig. 18 Laminar or fully turbulent su&ie pitot tube &ha. 

- 

- 0 

0 

0 1  I I I I I 
. 1  . 2  .3 . 4  .5  .6  

X/C 
81 75 

(4 

800 

600 

A P, 

Iblft2 400 

200 

0 

Transition 
0 

0 
0 

0 
000 0 

0 
0 - 

n1 I I I I I 
. 1  . 2  .3 . 4  . 5  . 6  

X I C  
81 76 

(b) 
Fig. 19 Qpical suflbce pirot tube transition data 
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800 

600 

I b / f t 2  400 

AP,  

200 

0 

*6 .5 c 
location .3 

Transition 

xlc 

indicated 
transition - h  location 

- I  O 
0 0  

d 
. 1  . 2  . 3  . 4  . 5  . 6  

X/C 
81 77 

800 

700 

600 

lblf t 2 5oo 
A p, 

400 

300 

indicated 
transition 
location 

0 
0 : %  0 0 

- 0  

01 I 1 I I I 
0 . 1  . 2  .3 . 4  . 5  . 6  

xlc 
81 78 

(b) 

Fig. 20 S u ~ a c e  pifot tube data indicaiing more than one transition location. 

o n  d3 
0 0 o n  

0 Round tubes 
0 Second transition 
0 Flat tubes 
A Hot-films 

0 

0 

0 '  I I 

-1 0 1 2 

a, deg 8179 

(a) Low-altitude &a. 

0 Round tubes 
0 Second transition 
0 Flat tubes 
A Hot.films 

.6 r 

.5 

.4 

location .3 
Transition 

xlc 

8 
SB 

0 

OA 
0 o m  

% O  
0 

0 

0 1 2 3 

a, deg 8180 

(b) H i g h d t u d e  data 

Fig. 21 Comparison of hot-flm and surface pitot tube data. 

. 

20 



ORIGINAL PAGE tS 
OF POOR Q U A L M  

I 

EC 86-33600-016 
(4 

Fig. 22 Examples of liqrrid crystal patterns. 
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Transition 
iocat ion 

X I C  

0 Liquid crystal data 
0 Hot-f iim data 

0 
0 

0 
0 0  0 Transition -3 

.2 

location 

0 1 0  2 0  3 0  4 0  

*’ deg 8181 

(a) Glove I data. 

.5 

.4 

Transition .3 

.2 

location 

.1 

0 

0 Liquid crystal data 
- 0 Hot-film data 

- 
0 
0 - 

1 0  2 0  3 0  4 0  

” deg 8182 
(b) Glove 2 data. 

Fig. 23 Comparison of hot-* and liquid cqstkd d4ta 

0 Without liquid crystals 
0 With liquid crystals 

.5 

.4 

.3 

.2 

.1 
0 

O0 

0 0  
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1 
0 1 2 3 

(a) Low-altitude dah. 
81 83 

Transition 
location 

X I C  

0 Without liquid crystals 
0 With liquid crystals 

.6 I- 
0 0  0 0 0 0 0  
0 000 0 

.5 t 

.2 ::E .1 

0 1 2 3 4 

81 84 
a, deg 

(b) Highsltitudc data. 

Fig. 24 Comparison of transition dah with and without liquid crpsrcJs on the glove suvace. 
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